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Corrections to proton weak charge

B Including higher order radiative corrections

QY. = (1+Ap+ A)(1—4sin® Oy (0) + AL)

+ Uww + Hzz + D’YZ “—— box diagrams

= 0.0713 = 0.0008

Erler et al., PRD 72, 073003 (2005)
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Corrections to proton weak charge

B Including higher order radiative corrections

QY. = (1+Ap+ A)(1—4sin® Oy (0) + AL)

+ Uww + Hzz + D’YZ “—— box diagrams

= 0.0713 = 0.0008

Erler et al., PRD 72, 073003 (2005)

—> WW and ZZ box diagrams dominated by short distances,
evaluated perturbatively (WW box gives ~25% correction!)

—>» v/ box diagram sensitive to long distance physics,
W )
has two contributions O,z =04, + DXZ

/ N

vector e — axial h axial e — vector h
(finite at E=0) (vanishes at E=0)



B Axial /1 correction O

Axial /1 correction

A o o .
-z dominant vZ correction in

atomic parity violation at very low (zero) energy

—> computed by Marciano & Sirlin (1980s) as sum of two parts:

ESJESEEN

_Q QR

2

* low-energy part approximated by Born
contribution (elastic intermediate state)

* high-energy part (above scale A ~ 1 GeV)
computed in terms of scattering from

free quarks

5—Oé(l — 45sin? fyy) |In

2T /

0.0052(5) short—distance

long—distance ~ 3/2 +1

Marciano, Sirlin, PRD 29, 75 (1984); Erler et al., PRD 68, 016006 (2003)



Axial /1 correction

B Axial i correction O, dominant vZ correction in
atomic parity violation at very low (zero) energy

—> evaluate using forward dispersion relations with
realistic input (inclusive structure function)

forward limit
t=(k—-Kk)*—0

s = (k+p)?
— M(M + 2E)

* axial 2 contribution antisymmetric under E'~— -E":

2 [ E'
Re 07, (E) = ~ /O dE’E,2 = Sm 02, (E)

* negative energy part corresponds to crossed box
(crossing symmetry s — )



Axial /1 correction

B Imaginary part given by interference F77 structure function

A e Ue Q?) a(Q?)
I O32(E) = Gy /MdeZ/ AN

1
YL
" <W2—M2+Q2 _5) "

with 1.(Q?) = 1 — 4x(Q?) sin® Oy (Q?)

—> scale dependence of v., o given by

vacuum POI&I"IZ&'CIOI’\ COI’I"eCtIOI’\S €.g.
@ 1 A 2 A (5) /2
- alep(Q ) ahad Q

a(Q?)

Jegerlehner, arXiv:1107 4683 [hep-ph]
“1(M3Z) =128.94
... similarly for weak charges



Axial /1 correction

# elastic part F;7Y = —Q> G (Q?) G4(Q?) §(W? — M?)

% resonance part from parametrization of v scattering data

Lalakulich, Paschos
PRD 74, 014009 (2006)
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ReEI

Blunden, WM, Thomas
PRL 107, 081801 (2011)




Axial /1 correction

% DIS part dominated by leading twist PDFs at high W (small x)

e.g.at LO, F;7(P1®) — ZQquA (z,Q%) — q(x,Q%))

—> expand integrand in 1/Q? in DIS region (Q? > 1 GeV?)

3 5 Ue(Q%) a(Q?)

A(DIS)
ReByz B =50 |, 9 e

2M*?
% [MgZ(l) o 9@4 (5E2 o BQZ)M;’Z(B)

moments M”Z(”) (Q?) fd:c:v" LR (2, Q?)



Axial /1 correction

B Structure function moments
n=1 M770 Q% =5 (1- 292)

—> ~Z analog of Gross-Llewellyn Smith sum rule

A(DIS) _ 18%) day dQ? as(Q?)
e Dz /Q2 (1+Q*/M2) (l_ m )

—> precisely result from Marciano & Sirlin!

(works because result depends on lowest moment of
valence PDF, with model-independent normalization!)

n=3 MI7O@Q) =1 (2 + (1)) (1+ 2422

—> related to x? -weighted moment of valence PDFs



Axial /1 correction

* “DIS” region at Q% < 1 GeV* does not afford PDF description

—> in absence of data, consider models with general constraints

* Fy? (Tmax, Q%) should not diverge in limit Q2 — 0

* F]7(x,Q?) should match PDF description at Q% = 1 GeV?

1+ A%/Q3
I+ A2/Q?

F7 ~ (Q1)0% as QF — 0

Model 1 F;Z(ZB,Q2) = ( ) F;)?Z(l‘,@(z))

Model 2 FY “ frozen at Q? = 1 value for all W?

[J7 finite as Q% — 0
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(E) (x107™)

A
YZ

Re

Axial 1 correction

7 I I

6 — elastic §
i . — .= TEesonance

5F --- DIS (0°<1), Model I -

4| —=- DIS (Q°<1), Model 2 ]

DIS (0°>1, n 2> 3)
3
2
1 - l !

0 1 2

E (GeV)

Blunden, WM, Thomas
PRL 107, 081801 (2011)

—> dominated by n =1 DIS moment: 32.8 x 10~*

(weak E dependence)
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Axial /1 correction

B correctionat £ =0

ReOZ, = 0.00064 + 0.00023 + 0.00350 — 0.0044(4)

1

1

1

elastic

resonance

DIS

B correction at £ =1.165 GeV (Qweak)

Re1}, = 0.00005 + 0.00011 + 0.00352 = 0.0037(4)

cf. MS™ value: 0.0052(5) (~1% shift in Q%)

x Marciano, Sirlin, PRD 29, 75 (1984)

B shifts Q7 from 0.0713(8) — 0.0705(8)
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APV in 133Cs

m Parity violating dipole transition 6S;,, — 7S, , sensitive
to weak mixing angle (E ~ 0)

—> weak charge of Cs

Qw(Cs) = 55Q%, + 78 Q%

AN

weak charge of bound p in Cs nucleus

B Nuclear effect on elastic N contribution — Pauli blocking

—> intermediate state N (in target rest frame) must have
momentum above Fermi level

lq| > pr ~ 260 MeV

S Q7> QL =2M2(\/1+p} /M2 — 1) = i
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APV in 133Cs

B Significantly reduced elastic contribution

PEY 1 0.00064 — 0.00029,  O7yY: 0.00044 — 0.00020

B Total vZ corrections dominated by DIS contributions

p n
total 0.0040(4) 0.0032(4)
MS 0.0052(5) 0.0040(4)
AQY, ~0.0012 -0.0008
AQw(Cs) -0.065 ~0.060

—> overall shift in weak charge (relative to MS)
AQw(CS) = —0.126

or|— 016% of Q%i(/p(CS) — —7320(35) Blunden, WM, Thomas

arXiv:1208 4310




Vector & correction

B Vector & correction [, vanishes at E = 0, but experiment
has £ ~ 1 GeV — what is energy dependence?

—> forward dispersion relation

2E [ 1
S /0 B 5 Sm D5 (E)

* Re O, (E) -

* integration over E'< 0 corresponds to crossed-box,
vector h contribution symmetric under E’ <~ —-FE"

—> imaginary part given by

s Q2 ax 10?2
SmOY,(E) = — 2 / dWQ/
Smiha B = ee )Y ), T

2 R aY
X (FFZ + F;Z QQ(SV(VQijMQCi_ )622))

Gorchtein, Horowitz, PRL 102, 091806 (2009)
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Vector & correction

YA .
B /5 structure functions

* parton model for DIS region
F;Z — QxZeq gi- (@ +q) = 2:1:F172
q

* in resonance region use phenomenological input for F,
(e.g. Christy-Bosted), empirical (SLAC) fit for R

— for transitions to [ = 3/2 states (e.g. A), CVC
and isospin symmetry give F7 = (1 + Q%,)F)

—> for transitions to / = 1/2 states, vy — ~Z rotations
fixed by CVC and p, n helicity amplitudes

512 AL LAY+ AL AT
P _— (1 —-4sin%0 )_ _ > )2 ) 2 )2
Yy ( S1I %% yR? yR_ Ap 2 Ap 2
Op ‘ Rl’ _|_‘ Rﬁ‘

) i)

Gorchtein, Horowitz, Ramsey-Musolf [GHRM ], PRC 84, 015502 (2011)
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Vector & correction

YA .
B /5 structure functions

% for background at low @?, assume vector meson dominance
(following Gorchtein et al.)

0% (2 — 4sin® Oyy) — 4sin” Oy R, + (3 — 4sin® Oy ) Ry + Cr Re

o 1+ R, + Ry + Rc /

“continuum”

o7 P7VP  ratio of production cross sections

Ry = —;
oY P PP for vector meson V to p meson

— parameter (r not constrained in VMD

— GHRMassume (p=1=+1

\

largest source of error!
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Previous calculations

B Total O, correction

Re Y, = 0.004775 0001

or 6.67, 2% of uncorrected Q%

—

o
< 0.8 Qweak
— E=1.165 GeV
>
D?\
- 0.6 J S
0.4 o \
high W
0.2t ¥ ‘§(~-\__.___
;oL . Sibirtsev, Blunden, WM, Thomas
. resonance ’ ’ ’
e S PRD 82, 013011 (2010)
O 05 1T 15 255 3555

E (GeV)



Combined vector and axial /1 correction

1.2 p——————————

C?CD
|
X 08F
G +0.0047
TNO06F . 1 MS -
] -
O LY e RSB SS SR
- 04 4
I
0.2 L1, '
0 1 2 3

E (GCV) Blunden, WM, Thomas,

w = 0.0713 — 0.0705 | (at £=0)

At E=1.165 GeV,
E-dependent

correction 18
+ 0.0040

PRL 107, 081801 (2011)
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Previous calculations

Rislow & Carlson

Re O, = 0.0057 + 0.0009

Rislow, Carlson
PRD 83, 113007 (2011)

—>» compatible with SBMT within errors
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Previous calculations

Gorchtein, Horowitz & Ramsey-Musolf

Re 0¥, = (5.39 £0.27 £ 1.88 1735 £ 0.07) x 1077

/ foooA

model bckgnd res. t dep.
0.012 -
Re [ |z - Ava. (Model 1,11)
i Re lzxA( 2
0.01F
él? 0.008: _______________ -
u
~ 0006 7
E:
0.004 -
0.002 :OWEAK (E=1.165GeV) Gorchtein, Horowitz,
' ! Ramsey-Musolf
. o PRC 84, 015502 (2011)

hedh PR T TR R P A
0.5 1 1.5 2 2.5 3
E (GeV)

central value consistent with SBMT and RC,
but 2 X larger uncertainty
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Can the ~Z interference be constrained
by other observables?

—> Parity violating inclusive DIS asymmetries

—> Parton distribution functions from global fits
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B Constraints from PVDIS asymmetries (E08-011 on deuterium®)

Apy = 9?4

120

10

Apy/Q’

8

40+

OQ
0
60

20l

GrQ? vy FY7 4+ (1 —y)Fy*

9V (0, a2 vZ
+g§(y y=/2)xFy

(3vtee)

Qﬂwa

ry? )7+ (1 —y)Fy)7

140

Cr = 0.81+£0.05 fitto E08-011

AIM

- 0.97 GeV?

GHRM

16 18
W (GeV)

1.2 1.4

* Preliminary, X. Zheng et al. (2012)

20

Hall et al. (2012)
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B Constraints from PVDIS asymmetries (E08-011 on deuterium)

. G rQ? LUyZFiyZ+(1—y)F;Z+ z—g(y—yQ/Z)xF;Z
Apv =9ga

2\/21a vy B+ (1 —y) By
140
~ (r=0.814£0.05 fitto E08-011

1207 TIiiiiiiis DIITITIIiaoe
[
~E -
< | 9 Ge
60 1.5 GeV? |

| e i/GHRM
1.2 14 1.6 1.8 2.0 2.2 24

W (GeV) Hall et al. (2012)
* Preliminary, X. Zheng et al. (2012)
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B Constraints from PVDIS asymmetries (E08-011 on deuterium)

. ( GrQ? ) w17+ (1= ) B+ 2 (y — v /2)a k)7
VI 0Vara ry?F)7 4+ (1 —y)Fy7

140

120

Apy/Q°

Hall et al. (2012)
* Preliminary, X. Zheng et al. (2012)
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B Constraints from PVDIS asymmetries (E08-011 on

deuterium)

Apv = ¢°
PV = da (2\/§7T()4

ry? )7+ (1 —y)Fy)7

G Q2 ) 2 F7 + (1 —y)F)7 + “Z—g(y —y?/2)xFY”

140
 (r=0.794+0.05 fit to PDFs

120

100__,-_»__"-t_:_—_,__:_t_-_»::_-__,__,_:_-_-_»_-_—-3_._,,_,_51;335""'

Apy/Q’

80
60

40 B i

V2

1.2 1.4 1.6 1.8 2.0 2.2 2.

* Preliminary, X. Zheng et al. (2012)

Hall et al. (2012)
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B Expected inelastic asymmetry data from Qweak

) ) (GFQQ) nyF{YZ—I—(l—y)F;Z+z—g(y—yZ/Z)xF;Z
VI 9v2ma ry?F7 4+ (1 —y) By

160
140 @ =0.06 GeV?

~ 1 ppm uncertainty -

L e / ]
r ¢ "thasmussamennfenmsEsEmsE s s s s s s s A s E . |
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W (GeV) Hall et al. (2012)
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B Constraints from global PDFs

W? =4 GeV? W2 =40 GeV?

—> significant constraints on high-mass “continuum” part
of non-resonant structure function from global PDF fits
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m Total O, correction

0012 *
0010
0.008

>D§ j

170,006
a2 i
0.004

0.002

0.000 ’ |
00 05 10 15 20 25 30

E (GeV) Hall et al. (2012)

ReD, = (5.45 012 £0.27£0.02) x 1077

f \ \

bckgnd res. DIS



m Total O, correction

0012 *
0010
0.008

>D§ ;

170,006
- :
0.004

0.002

0.000 ’ |
00 05 10 15 20 25 30

E (GeV) Hall et al. (2012)
RellY, = (545 2:3;) x 1073

—> uncertainty ~ 6 times smaller ¢f. GHRM



Relative uncertainty

020
=N 0.15

0.10

Relative ARe O

o
o
T U] T T T

=
-]
S

E (GeV)

—> very mild energy dependence

05 10 15 20 25

3.0
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Summary

B 7 box corrections computed via dispersion relations
from inclusive vZ interference structure functions

—> new formulation in terms of moments puts on firm
footing earlier estimates within “free quark model”

B Axial-vector hadron ~Z corrections to APV in 133Cs
—> shift relative to MS value for Qw (Cs) of -0.16%

(Asin? 6y ~ 4xSM uncertainty)

B Significant constraints on vector hadron correction
from new PVDIS asymmetry data & global PDF fits

— reduces uncertainty on Red!, by factor ~ 6 ¢f. GHRM

—> additional PVDIS data would further constrain Re 0},
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